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Abstract
A documented consequence of poxvirus infections is global inhibition of host protein synthesis and reduction in mRNA levels. We
examined this mRNA decrease by infecting A549 cells, derived from a human lung carcinoma, with rabbitpox virus (RPV), or RPV deleted
for the serine protease inhibitor SPI-1 (RPVSPI-1), which exhibits a growth defect on A549 cells. At various times postinfection, mRNA
profiles were analyzed using Affymetrix U95AV2 microarrays. There was a decline in overall cellular mRNA levels beginning at 2.5 hpi,
and by 5 hpi, mRNA levels were drastically reduced for the majority of genes. However, several mRNAs increased, including those of
heat-shock genes. Finally, a comparison of host mRNA profiles of RPV- to RPVSPI-1-infected cells revealed subtle differences in mRNA
levels at 5 and 12 hpi. In summary, while there was a global decrease of host mRNA levels, the induction of selected mRNAs may be
required for a successful poxvirus infection.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Poxviruses are large, double-stranded DNA viruses that
replicate exclusively within the cytoplasm of infected cells
(Moss, 1996). The poxvirus replication cycle involves the
coordinated temporal expression of early, intermediate, and
late classes of viral genes, which results in the production of
both intracellular and extracellular infectious virions (Moss,
1996). It has been well documented during infection that
while poxviruses temporally induce high levels of viral
mRNAs, overall levels of host cell protein synthesis as well
as levels of certain host mRNAs profoundly decrease
(Moss, 1996). The mechanism of this host protein synthesis
inhibition and mRNA decrease has been proposed to result
from some or all of the following: (1) a virion protein which
has the ability to inhibit the formation of the 40S ribosomal
subunit and Met–tRNA complex (Mbuy et al., 1982; Person
Fernandez and Beaud, 1986); (2) the synthesis of small,
polyadenylated, nontranslated RNAs (POLADS) which can
specifically inhibit translation of host rather than viral mes-
sages in vitro (Bablanian and Banerjee, 1986; Lu and Ba-
blanian, 1996); (3) preferential translation of viral messages
due to altered 5 sequence and/or structure (Gierman et al.,
1992); and (4) the degradation of cellular messages follow-
ing infection (Rice and Roberts, 1983).
Nuclear runoff transcription assays reveal that initiation
and elongation of transcription of host genes per se seem to
occur normally during poxvirus infections, and therefore,
inhibition of transcription is not the direct cause of the host
protein and mRNA decrease (Rice and Roberts, 1983; Jindal
and Young, 1992). However, Northern analysis of selected
mRNAs following poxvirus infection demonstrates rapid
disappearance of transcripts following high m.o.i. infections
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(Rice and Roberts, 1983). Consequently, it is generally
believed that poxvirus infections induce a targeted degra-
dation of host transcripts, resulting in rapid clearance of host
mRNAs. The mechanism by which poxviruses effect this
degradative process is not understood, nor is it clear how
vaccinia virus maintains a high level of viral mRNA with
such high levels of cellular mRNA degradation (Rice and
Roberts, 1983).
While most host transcript levels appear to decrease
following poxvirus infection, there is one documented ex-
ample of a host transcript whose levels actually increase
during infection. Transcripts of a heat-shock 70-kDa
(HSP70) gene were shown to increase following vaccinia
virus infection of both human tissue culture monocyte-
macrophage cells as well as 6- to 10-week-old CBA/H mice
(Jindal and Young, 1992; Sedger and Ruby, 1994). This
increase in transcript levels was demonstrated to also result
in an increase in HSP70 protein levels, although it is be-
lieved that the presence of this protein is not absolutely
required during infection (Jindal and Young, 1992; Sedger
and Ruby, 1994; Sedger et al., 1996).
To characterize both the kinetics and the extent of de-
creases in host cell transcript levels as well as identify those
few transcripts whose levels might be maintained or in-
creased following infection, a global analysis of host tran-
script levels is necessary. To achieve both of these goals, we
analyzed RNA from wild-type rabbitpox virus (wt RPV)
infected cells using microarrays with probes for human
transcripts manufactured by Affymetrix (U95AV2). For
comparative purposes, we also performed an identical ex-
periment using RPVSPI-1, a virus which is deleted for the
serine protease inhibitor SPI-1. SPI-1 has been shown to be
a member of the serine protease inhibitor (serpin) super-
family and is able to form inhibitory complexes with the
protease cathepsin G in vitro (Moon et al., 1999).
RPVSPI-1 exhibits a restricted host range in that it is no
longer able to grow on certain cells lines, including A549
cells (Brooks et al., 1995). A549 cells infected with
RPVSPI-1 exhibit an apoptotic-like phenotype and dem-
onstrate some morphological characteristics of apoptosis,
including chromatin condensation and nuclear membrane
blebbing. However, some of the biochemical characteristics
of apoptosis are missing, including the absence of caspase-3
activation, as well as the absence of PARP or lamin cleav-
age (Brooks et al., 1995; Moon et al., 1999). Characteriza-
tion of RPVSPI-1 infection of A549 cells indicates that
this virus exhibits normal viral gene expression, normal
viral DNA synthesis, normal viral protein synthesis and
processing, and normal early virion formation, yet is se-
verely reduced in the number of mature virions, possibly
due to the apoptotic-like process, which is accompanied by
virion degradation (Brooks et al., 1995; Moon et al., 1999).
A similar study involving vaccinia virus deleted for the
SPI-1 gene (VVSPI-1) has determined that the growth
defect on A549 cells is due to a block in intermediate
transcription and is not related to apoptosis (Shisler et al.,
1999). The differential phenotypes between RPVSPI-1
and VVSPI-1 infections of A549 cells may be due to the
cumulative differences in genome sequence content. Be-
cause of the failure of RPVSPI-1 to grow on A549 cells,
we compared the host transcription profiles between RPV-
and RPVSPI-1-infected cells to determine whether any
host genes were differentially expressed between these two
infections.
Results
RPV infection results in a rapid and global decrease in
host cell transcript levels
Our first goal was to ascertain effects of a wild-type RPV
infection on overall levels of host transcripts. To determine
these effects, we infected A549 cells in duplicate at an
m.o.i. of 10 to achieve synchronous infection of cells and
then allowed the infection to proceed for 1,2.5,5,8, or 12 h.
Note that the two mock samples were manipulated identi-
cally to the 1-h time point, minus the addition of virus. Total
RNA was harvested and processed according to the recom-
mendations of Affymetrix, and resulting cRNA was used to
interrogate Affymetrix U95AV2 GeneChips which contain
12,625 probe sets representing genes for approximately
one-third of the human genome.
Initially, we sought to use global normalization of the
microarray data for comparisons between arrays. However,
as demonstrated by the large scaling factors required at later
time points postinfection, it became evident that poly(A)
RNA levels at late time points were severely reduced (Fig.
1A). To confirm that the signal intensities of the majority of
probe sets on the chips were decreasing as infection times
progressed, we ascertained the number of probe sets whose
hybridization intensities were above background (Fig. 1B).
By 2.5 h postinfection, the number of these probe sets began
to drop and at 12 h postinfection, only about 2000 probe sets
were above background as compared to the approximately
5500 probe sets above background under mock infection
conditions. Based on the results of Fig. 1A and B, we
concluded that the use of global normalization for these
experiments was inappropriate because of the massive
changes in the global expression profile. Therefore, we
normalized to spike controls that were added to the target
cRNA prior to hybridization to the chip. Using this method
of chip-to-chip normalization, scaling factors ranged from
0.354062 to 1.747368.
Chips were normalized as described above and Noise,
Raw Q, and Background levels were determined to be
within acceptable ranges (see Materials and methods). After
an expression filter was applied to mock and wt RPV arrays
to remove data from probe sets that were determined to
never be above background, the dataset was reduced from
12,625 probe sets to 6930 probe sets. The remaining signal
323L.M. Brum et al. / Virology 315 (2003) 322–334
intensity data were subjected to statistical analysis using the
multiclass data option of SAMv1.13 (Statistical Analysis of
Microarray). When using the multiclass setting, SAM per-
forms a modified F-test on the data set and the false-
discovery rate was estimated by Monte Carlo simulations
based on 100 permutations of the data set. SAM was tuned
to a delta value such that the ratio of median false significant
to significant was approximately 0.05 (278 estimated me-
dian false significant probe sets to 5448 significant probe
sets). Data from probe sets called significant by SAM were
then variance normalized as described under Materials and
methods.
Initially, we used hierarchical clustering to analyze probe
sets identified by SAM to determine different patterns of
gene expression, and as expected, the intensity signals for
the majority of probe sets were drastically reduced follow-
ing RPV infection. However, the signal intensity of a few
probe sets actually increased following infection (data not
shown). Based on the hierarchical cluster pattern, we then
chose 24 bins to cluster the gene expression data using
K-means algorithms (Fig. 2A). It was immediately evident
that the vast majority of transcripts from these genes dra-
matically decreased as the RPV infection time increased, as
noted by the change in color from red to black to green. In
fact, by 2.5 h postinfection, most transcript levels had al-
ready begun to decrease. We noted that a similar analysis
using data from A549 cells infected with RPVSPI-1
yielded essentially identical results (data not shown). Of the
24 bins of probe sets described in this analysis, only two
bins (denoted by *1 and *2) demonstrated an increase in
transcript levels following infection. Several other bins
were notable in that they exhibited delayed decrease in
signal levels. Note in particular the bin denoted by the bar
in Fig. 2A.
Hybridization signal intensities for heat shock genes
increase following RPV infection
Fig. 2B shows the first group of genes represented by
probe sets whose signal intensities increased following RPV
infection (bin denoted by *1 in Fig. 2A). Fig. 2B shows the
variance normalized data demonstrating that the probe sets’
increase in signal intensity occurred between 2.5 and 5 h
postinfection as noted by the change in color from green to
red. Since chip-to-chip normalization was obtained using
spike controls which were added in equal amounts to chips
across the time course, the signal intensities of these probe
sets were increased relative to the intensities under mock
infection conditions. The probe sets in this group represent
genes that encode several heat-shock proteins including a
heat-shock 40-kDa protein, the major inducible heat-shock
70-kDa proteins 1A and 1B, as well as another inducible
heat-shock 70-kDa protein known as HSP70B. Also in-
cluded in this group are genes encoding the transcription
factor c-fos as well as a splicing factor. This cluster includes
several probe sets that represent the same gene, which
effectively served as an internal control to confirm increases
or decreases in probe set signal intensities. In this regard,
both the transcription factor fos and the heat-shock 70-kDa
B gene are represented by more than one probe set and that
in each case, the probe sets for each gene give an essentially
identical result. Also, it is significant that the duplicate
arrays for each time point confirm the increase in signal
intensities for these probe sets. Fig. 2C graphically repre-
sents the variance normalized data from this entire class of
genes with error bars representing 1 standard deviation.
Both Fig. 2B and C demonstrate maximal induction of these
genes at 5 h postinfection.
We also decided to ascertain the increase in transcript
levels as a function of fold change at 5 h postinfection from
mock levels found in uninfected A549 cells (Table 1). Of
particular interest, note that HSP70B is present at 10-fold
higher levels at 5 h postinfection compared to mock.
Fig. 1. RPV infection results in a rapid and global decrease in host
transcript levels. (A) A graphical representation of the wt RPV scaling
factor when global normalization is used as a function of hours postinfec-
tion. For graphing purposes, mock condition is considered 0 h postinfec-
tion. (B) A description of the number of probe sets whose hybridization
intensities were above background (called Present or Marginal by Af-
fymetrix software) as a function of hours postinfection. For both panels,
duplicates of wt RPV infection are noted for each time point.
324 L.M. Brum et al. / Virology 315 (2003) 322–334
Fig. 2. Effects on levels of A549 transcripts following RPV infection. (A) K-means clustering of temporal gene expression changes to 24 bins, each of which
are separated by a horizontal white line. Arrays are represented from left to right as the time postinfection, while probe sets are represented from top to bottom.
The color scale can be used to determine how many standard deviations the data point is above or below the mean signal intensity for that probe set over
the time course. The two gene classes which demonstrate transcriptional upregulation following infection are denoted by (*1 and *2). (B) The variance
normalized data from probe sets in k-means bin *1 are expanded. (C) A graphical representation of the variance normalized data from the probe sets in
k-means bin *1, with error bars showing 1 SD. (D) The variance normalized data from probe sets in k-means bin *2 are expanded. (E) A graphical
representation of the variance normalized data from the probe sets in k-means bin *2, with error bars showing 1 SD.
Hybridization signal intensities for histone genes increase
following RPV infection
Fig. 2D shows the second group of genes represented by
probe sets whose signal intensities increased following RPV
infection (bin *2 in Fig. 2A). Fig. 2D shows the variance
normalized data for these probe sets demonstrating tran-
scriptional upregulation between 1 and 2.5 h postinfection
(as noted by the change in color from green to red), which
is earlier than the previously described cluster of genes.
Contained in this bin are core histone genes, namely H2A,
H2B, H3, and H4. While there are probes for the histone
transcripts on the U95AV2 array, histone transcripts are not
polyadenylated at their 3 ends (Dominski and Marzluff,
1999). In the absence of poly(A) tails at the ends of the
histone transcripts, the mechanism by which the labeled
histone cRNA were synthesized is not clear. Therefore, any
interpretation of signal intensities of the probe sets repre-
senting histone transcripts must remain speculative. Also
contained in this gene cluster are genes encoding an angio-
genesis inducer as well as a translation factor. Fig. 2E
graphically represents the variance normalized data from
this entire class of genes with error bars representing 1
standard deviation. Both Fig. 2 D and E demonstrate max-
imal induction of these genes at 2.5 h postinfection.
Once again, we determined the increase in transcript
levels as a function of fold change at 2.5 h postinfection
from mock levels found in uninfected A549 cells (Table 2).
Table 1
Fold change in transcripts at 5 h postinfection compared to mock
Gene Probe set identification Accession No. Cytoband Fold change
Heat-shock 70-kDa protein 1B 31692-at M59830 6q21.3 2.0
Heat-shock 70-kDa protein 1A 1104-s-at M11717 4.6
Heat-shock 70-kDa protein 6 (HSP70B) 35965-at X51757 1cen-qter 10.0
Heat-shock 70-kDa protein 6 (HSP70B) 117-at X51757 1cen-qter 6.1
DnaJ (Hsp 40) homolog 752-s-at D85429 19p13.2 2.2
EST 35851-g-at AI950382 17q25 1.7
EST 36398-at W28729 4q12 6.3
c-fos 1916-s-at V01512 3.7
c-fos 1915-s-at V01512 3.0
c-fos 2094-s-at K00650 14q24.3 5.0
Splicing factor, proline/glutamine-rich 36224-g-at AI827895 1p34.2 1.5
Note. The fold change of transcripts for genes described in Fig. 2B is shown as the levels of transcripts at 5 h postinfection compared to mock. To determine
fold change, the average of intensity data (nonvariance normalized) at 5 h postinfection was divided by the average of intensity data (nonvariance normalized)
under mock conditions. Also included in this table are GenBank accession numbers, the probe set identification used by Affymetrix, and the chromosomal
location when known.
Table 2
Fold change in transcript levels at 2.5 h postinfection compared to mock
Gene Probe set identification Accession No. Cytoband Fold change
Cysteine-rich, angiogenic inducer, 61 38772-at Y11307 1p31-p22 2.3
Eukaryotic translation elongation factor 40888-f-at W28170 6q14 2.7
H4 histone gene 152-f-at X00038 1q21 15.8
H4/e gene for H4 histone 31521-f-at X60484 6p22-p21.3 5.9
H4 histone family, member M 762-f-at AB000905 6p21.3 15.0
Histone H4 31751-f-at Z98744 6p22-p21.3 62.3
H3 histone family, member K 35576-f-at AL009179 2.3
Histone H2A 31749-f-at Z98744 6p22-p21.3 4.9
H2B histone family, member D 36347-f-at AA873858 6p22-p21.3 4.5
H2B/g gene 31522-f-at Z80779 6p21.3 2.5
H2B/k gene 31524-f-at Z80782 6p21.3 2.6
H2B/h gene 31523-f-at Z80780 6p21.3 2.1
EST 32609-at AI885852 1q21.2 2.8
EST 34027-f-at AA010078 6p22-p21.3 4.2
Hypothetical protein 39157-at AL021937 2.0
Note. The fold change of transcripts for genes described in Fig. 2D is shown as the levels of transcripts at 2.5 h postinfection compared to mock. To
determine fold change, the average of intensity data (nonvariance normalized) at 2.5 h postinfection was divided by the average of intensity data (nonvariance
normalized) under mock conditions. Also included in this table are GenBank accession numbers, the probe set identification used by Affymetrix, and the
chromosomal location when known.
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A comparison of transcript levels following RPVSPI-1
versus RPV infection reveals differentially expressed
genes
We next asked the question whether any genes were
differentially expressed following infections by wt and mu-
tant viruses lacking the SPI-1 gene. To answer this question,
we applied an expression filter to our replicates of infections
at each time point individually to determine which genes
were not present under any of the conditions examined. We
then used statistical analyses of microarray (SAM) with the
two-class, unpaired option, to identify genes that were dif-
ferentially expressed between the two infections at each
time point. The intensity data for each probe set identified
were then variance normalized as previously described.
There were two time points which demonstrated genes that
appear to be differentially expressed, 5 and 12 h postinfec-
tion (Fig. 3A and B, respectively). At 5 h postinfection, 16
differentially expressed genes were identified with an esti-
mated false discovery rate of 5, and at 12 h postinfection, 5
differentially expressed genes were identified with one es-
timated false discovery. As can be seen from Fig. 3, these
differentially expressed genes are diverse and include sev-
eral transcription, translation, heat shock, and signaling fac-
tors. Interestingly, in each case, the differentially expressed
genes were found at higher levels following wt RPV infec-
tion. The fold difference in transcript levels between these
two infections was typically around 2.5-fold at 5 h postin-
fection and increased at 12 h postinfection (Table 3).
Independent validation of the microarray results
-Actin and GAPDH
To validate the results of the microarray experiments, we
conducted Northern blot and Western blot analysis for sev-
eral selected transcripts and proteins. First, to validate that a
subset of host transcripts decrease following RPV infection,
3 g of total RNA was electrophoresed and transferred to a
nylon membrane, and Northern blot analysis was performed
using probes for -actin and GAPDH (Fig. 4A). Note that in
the presence of widespread RNA degradation, it is appro-
priate to use total RNA as the loading control, rather than
levels of an individual transcript from a housekeeping gene
(Fig. 4B). Both transcripts were present under mock condi-
Fig. 3. Genes that are differentially expressed between RPVSPI-1 and wt RPV infections. SAM analysis using the two-class, unpaired option was used to
determine genes that were differentially expressed using both replicates of wt and mutant viruses at this time point. (A) At 5 h postinfection, SAM identified
probe sets at a ratio of 16 significant with five false-positive. (B) At 12 h postinfection, SAM identified probe sets at a ratio of five significant with one false
positive.
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tions, as well as 1 and 2.5 h postinfection. However, be-
tween 2.5 and 5 h postinfection, the mRNA levels for these
two genes drop precipitously, in full agreement with the
results of the microarray experiments. Quantification of the
Northern blot was carried out and also reveals a drop in
transcript levels between 2.5 and 5 h postinfection (Fig. 5A
and B).
HSP70B
To further investigate the induction of specific members
of the heat-shock family, Northern blot analysis was per-
formed with a probe designed to anneal specifically to the 3
untranslated region of the HSP70B messenger RNA (Fig.
6A and B). This region of the transcript was the most
divergent between the HSP70 family members which are
highly homologous at the nucleotide level. While this probe
does detect two transcripts, the lower transcript is in agree-
ment with the previously reported size of the HSP70B
transcript, namely 2.3 kb (Leung et al., 1990). However, it
is interesting to note that both transcripts increase following
infection, indicating that HSP70B is induced upon RPV
infection. Intensity of both bands was quantified and is
shown in Fig. 7. While attempts to detect HSP70 protein by
Western blot were conducted, the antibody used also rec-
ognized the constitutive heat-shock family members and
therefore attempts to detect any increase in HSP70 protein
levels following infection were inconclusive (data not
shown).
Histone H4
Although speculative, one intriguing interpretation of the
microarray experiment with regard to histone transcripts is
that they represent a novel, previously undetected class of
genes that are induced during poxvirus infection. Thus, we
Table 3
Fold difference in transcript levels between wt RPV and RPVSPI-1 infected A549 cells
Gene Probe set identification Accession No. Cytoband Fold difference
(A) 5 h postinfection
Glycophorin HeP2 41026-at U05255 4q28-q31 9.9
X-ray repair complementing
defective repair
38733-at M30938 2q35 2.1
Hairy (Drosophila)-homolog 37393-at L18314 3q28-q29 2.3
Steroidogenic acute regulatory
protein
37355-at D38255 17q11-q12 2.6
Nuclear transcription factor Y,
beta
37928-at AA621555 12q22-q23 2.0
Dickkop 1 35977-at AB020315 2.5
Ras-related C3 botulinum
toxin substrate 1
40864-at D25274 7p22 2.0
Anchor attachment protein 1 36036-at AB002135 8q24.3 2.6
Eukaryotic translation
initiation factor 4A
1420-s-at D30655 18p11.2 2.2




TGFB inducible early growth
response
38374-at AF050110 2.2
Heat-shock protein, 70-kDa 1179-at HG2855–HT2995 2.9
Heat-shock 70-kDa protein 6
(HSP708)
117-at X51757 1cen-qter 3.5
Heat-shock 70-kDa protein 6
(HSP708)
35965 X51757 1cen-qter 3.5
Immediate early protein 36097-at M62831 10p13.2 2.5
(B) 12 h postinfection
Ras homolog gene family,
member B




Tubulin, alpha, ubiquitous 32272-at K00568 12q12-12q14.3 11.0
6-phospho-fructo-2-kinase 39522-at D49817 10p14-p15 25.0
Heat-shock 70-kDa protein 1B 31692-at M59830 6p21.3 12.0
Note. (A) To determine fold difference, the average of intensity data (nonvariance normalized) for wt RPV at 5 h postinfection was divided by the average
of intensity data (nonvariance normalized) for RPVSPI-1 at 5 h postinfection. Also included in this table are GenBank accession numbers, the probe set
identification used by Affymetrix, and the chromosomal location when known. (B) To determine fold difference, the average of intensity data (nonvariance
normalized) for wt RPV at 12 h postinfection was divided by the average of intensity data (nonvariance normalized) for RPVSPI-1 at 12 h postinfection.
Also included in this table are GenBank accession numbers, the probe set identification used by Affymetrix, and the chromosomal location when known.
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sought to independently verify the induction of increased
levels of histone transcripts following RPV infection by
Northern blot analysis using a probe for the human H4 gene.
Figs. 8A and B show that the levels of histone transcripts for
the most part decrease following infection, in direct contra-
diction to the results of the microarray experiments. We also
investigated the levels of histone H4 protein following in-
fection by Western blot using an antibody to the histone H4
protein (data not shown). The overall levels of histone H4
protein did not change regardless of infection condition or
time.
Discussion
Microarray analysis has allowed us to quantify the levels
of cellular transcripts following orthopoxvirus infection at
high m.o.i. It is clear that there is a global decrease in host
mRNA levels beginning between 1 and 2.5 h postinfection.
It also clear that the vast majority of transcripts are subject
to this decrease. Experiments based on Northern blots and
nuclear transcript runoff assays have suggested that de-
creases in overall host transcript levels following poxvirus
infections is a result of degradation and not a defect in
initiation or elongation of transcripts (Rice and Roberts,
1983; Jindal and Young, 1992). However, to date, no details
of such a degradation pathway have been elucidated. Shut-
off of host protein synthesis can occur upon addition of a
purified component from virions, and it may be that host
transcript degradation is brought about by a similar mech-
anism (Mbuy et al., 1982; Person Fernandez and Beaud,
1986).
Fig. 4. -Actin and GAPDH transcript levels decrease following RPV infec-
tion. (A) 3g total RNA was electrophoresed, transferred to nylon, and probed
with 32P-labeled double-stranded DNA probes for either -actin or GAPDH.
Transcript mobilities are denoted by the arrows. (B) Prior to transfer, the RNA
gel was visualized so as to note total levels of RNA for loading control.
Fig. 5. Quantification of -actin and GAPDH Northern blot. Blots were
subjected to phosphorimager analysis and the intensity of bands was
quantified using Image Quant 5.0 on a Molecular Dynamics STORM
phosphorimager. (A) Quantification from -actin Northern blot shown in
Fig. 4. (B) Quantification of GAPDH Northern blot shown in Fig. 4.
Fig. 6. HSP70B transcript levels increase following RPV infection. (A) 3
g of total RNA was electrophoresed, transferred to nylon, and probed
with a 32P-labeled oligonucleotide specific for the HSP70B 3 untranslated
region. (B) Prior to transfer, the RNA gel was visualized so as to note total
RNA levels as a loading control.
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Despite the fact that transcription of the majority of host
mRNAs decrease, we find that a small number of transcripts
including those from the HSP family increase. This conclu-
sion is supported by four independent microarray experi-
ments: two performed on wt RPV and two performed on
RPVSPI-1 infected cells. Induction of HSP transcripts is
also consistent with the induced synthesis of a member of
the HSP70 protein family following poxvirus infection as
previously noted (Jindal and Young, 1992; Sedger and
Ruby, 1994).
We have begun an analysis of transcripts induced fol-
lowing RPV infection in an attempt to understand why these
few transcripts are both induced and stable in the presence
of such widespread RNA degradation. Interestingly, some
of the proteins induced such as the HSP70kD family mem-
bers are encoded by mRNAs that contain no introns and
which are immune to nonsense-mediated decay, a quality
control mechanism for RNAs whose translation is prema-
turely terminated (Maquat and Li, 2001). Whether or not
this pathway is involved in the degradation of host messages
during poxvirus infections remains to be determined. Also,
most of the genes which we detect that are induced follow-
ing infection share a common property of either being
induced during cellular proliferative responses or contribute
to cell growth, including HSPs, c-fos, and the angiogenic
inducer, CYR61 (Babic et al., 1998; Helmbrecht et al.,
2000; Boulom et al., 2002; Talapatra et al., 2002). Finally,
the host messages which are induced during RPV infection
are expressed primarily but not exclusively from two gene
clusters, one on chromosome 1 and another on chromosome
6 (Tables 1 and 2). It could be that these two genomic areas
experience some general derepression phenomenon, result-
ing in expression of these genes.
Both microarray analysis and validating Northern anal-
ysis experiments confirm that members of the heat-shock
protein family identified as being transcriptionally upregu-
lated following RPV infection include HSP 1A and 1B, both
of which encode the same major inducible member of the
HSP70 gene family. The HSP70B and HSP40 transcripts
were also upregulated. Induction of HSP70 following vac-
cinia virus infection has been previously reported (Jindal
and Young, 1992; Sedger and Ruby, 1994). The heat-shock
protein (HSP) superfamily is a large, diverse, multifunc-
tional, and highly conserved family of proteins that regulate
protein folding, aggregation, and stabilization in a number
of biological systems, including heat shock as well as ex-
posure of the cells to other stress situations, including viral
and bacterial infection, and apoptosis (Helmbrecht et al.,
2000; Hartl and Hayer-Hartl, 2002). This large group of
proteins can be further subdivided by size into families
including HSP90, HSP70, HSP60, and HSP40. One of the
most well-described HSP families is the HSP70 family,
which includes the constitutive protein HSC70, as well as
several inducible proteins, including the major inducible
HSP70 (Milner and Campbell, 1990), HSP70Hom, HSP70B
(Parsian et al., 2000), and HSP70B (Leung et al., 1990,
1992; Parsian et al., 2000). These HSPs consist of an N-
terminal ATPase domain and a C-terminal protein binding
Fig. 8. Histone transcript levels do not increase following RPV infection.
(A) 3 g total RNA were electrophoresed, transferred to nylon, and probed
with a 32P-labeled double-stranded probe for the human histone H4 gene.
(B) Prior to transfer, the RNA gel was visualized so as to note the total
levels of RNA to control for RNA loading consistency.
Fig. 7. Quantification of HSP70B Northern blot. HSP70B Northern blot
shown in Fig. 6 was subjected to phosphorimager analysis and intensity of
bands was quantified using ImageQuant 5.0 on a Molecular Dynamics
STORM phosphorimager. (A) Quantification of lower band on Northern
blot shown in Fig. 6. (B) Quantification of upper band on Northern blot
shown in Fig. 6.
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domain, which is used to facilitate the renaturation and
stabilization of nascent or unfolded polypeptides in an ATP-
dependent manner (Hartl and Hayer-Hartl, 2002). HSP70
family members often act in concert with HSP40 to carry
out their functions (Helmbrecht et al., 2000). Induction of
heat-shock proteins has also been identified following in-
fection with other viruses, including cytomegalovirus infec-
tion, although the exact function of these HSPs during
infection is not known (Ohgitani et al., 1999). Interestingly,
some viruses actually encode homologs of HSP70, similar
to the closterovirus CTV, which uses the HSP homolog to
assist in viral assembly (Satyanarayana et al., 2000).
Induction of the HSP70/HSP40 genes during a poxvirus
infection could have several roles, including acting either as
cytoprotective agents or as factors required by the virus for
replication. For example, induction of HSPs may be an
attempt by the cell to stabilize its own proteins in the face of
RPV infection. Also, it has been shown that HSP70 proteins
have the ability to present peptides much like the MHC,
such that when virus-infected cells lyse, the HSP70–peptide
complexes can be recognized by an antigen-presenting cell
and elicit an immune response (Srivastava, 2002). On the
other hand, HSP70 proteins could serve some function in
viral replication as well. For example, it has been shown
that in bacteria, HSP family members have a direct role in
the DNA replication of bacteriophages (Helmbrecht et al.,
2000). It is also possible that the virus uses the chaperone
properties of HSP70/HSP40 to stabilize its own proteins and
possibly virions within the hostile cellular environment.
HSPs have also recently been shown to play a role in the
regulation of apoptosis. HSP70, in particular, has been
shown to inhibit apoptosis in a number of systems and has
been shown to specifically bind APAF-1, AIF, and JNK1
(Xanthoudakis and Nicholson, 2000; Garrido et al., 2001).
If HSP70 were acting in this manner, it could serve to
prevent apoptosis of RPV-infected cells and thus lengthen
the time the virus has to replicate.
The interpretation of the signal intensities of the probe
sets representing histones is unclear. Since histone mRNA
3 ends are not polyadenylated, they might not be valid
genes for analysis by microarrays using our current meth-
odology. Indeed, no induction of either H4 RNA or protein
was indicated when validation experiments by either North-
ern or Western blots were attempted. These data provide a
clear example that caution should be used when evaluating
array data when mRNA is amplified from total RNA using
a poly(dT) primer-based cDNA synthesis. When using this
method of amplification, it is particularly important that
apparent induction of any transcripts lacking poly(A) tails
should be confirmed by alternate methods. In the case of
poxvirus-infected cells, it is interesting to note that poxvi-
ruses encode a poly(A) polymerase that adds poly(A) to
viral transcripts following infection (Gershon and Moss,
1993) and could also do so to cellular transcripts such as
histone mRNAs. Such a reaction could generate a subpopu-
lation of histone transcripts, which are then reverse tran-
scribed in the presence of poly(dT) and thereafter detected
as a relatively large increase in transcript levels using the
Affymetrix microarray technology.
In addition to describing the kinetics of the decrease in
host mRNA levels, we have also identified genes which are
differentially expressed following infection with wt RPV or
RPVSPI-1 viruses, which differ in only a single viral gene,
the serine protease inhibitor SPI-1. Infection of A549 cells
with RPVSPI-1, similar to wt RPV infections, results in
inhibition of host protein synthesis (Brooks et al., 1995).
Since both infections inhibit host protein synthesis, we
hypothesized that overall, both infections would result in a
rapid decrease of most transcripts, and that perhaps only a
few genes might be differentially expressed in the two
infections. As represented in Fig. 3, wt RPV infection of
A549 cells results in higher transcript levels for only a few
genes as compared to infection with RPVSPI-1, including
several transcription and translation factors, as well as heat-
shock proteins. It has been proposed that the SPI-1 gene in
the RPV genome is necessary to create a unique cellular
environment which prevents apoptosis. As mentioned ear-
lier, the heat-shock 70-kDa protein has been implicated in
the inhibition of apoptosis, and in fact, inhibits the apoptotic
function of AIF. Activation of this protein, if left un-
checked, results in an apoptotic-like phenotype with nuclear
membrane blebbing and chromatin condensation, but with-
out caspase activation, very similar to the apoptotic pheno-
type observed with RPVSPI-1 infection of A549 cells
(Nylandsted et al., 2000; Garrido et al., 2001).
The exact role of SPI-1 in the differential expression of
these genes and indeed in host range remains unclear. It is
formally possible that SPI-1 could have a direct effect on
the transcription of genes shown in Table 3; however, no
serpin to date has been determined to act as a transcription
factor. It is more likely that SPI-1 acts as a cytoplasmic
serine protease inhibitor, as is suggested by deletion and
point mutants in domains necessary for serpin function. In
this manner, SPI-1 would be expected to inhibit a cytoplas-
mic protease, which indirectly results in increased transcrip-
tion of genes described in Table 3.
Materials and methods
Cells and viruses
A549 cells were obtained from the American Type Cul-
ture Collection and were maintained in minimum essential
medium (MEM) with Earl’s salts supplemented with 10%
fetal bovine serum (FBS), 2 mM glutamine, 50 U of peni-
cillin G per milliliter, 50 g of streptomycin per milliliter,
1 mM sodium pyruvate, and 0.1 mM MEM nonessential
amino acids (GIBCO-BRL, Rockville, MD). RPV (Utrecht
strain) was obtained from ATCC and RPVSPI-1 has been
described previously (Moon et al., 1999). Both viruses were
sucrose pad purified and titered on CV-1 cells prior to use.
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Infection of cells and RNA isolation
Thirty five millimeter dishes of confluent A549 cells
were mock infected or infected with either wt RPV or
RPVSPI-1 at an m.o.i. of 10 in duplicate. Viral inoculum
was prepared in media minus serum and added to cells at t
 0. Cells and virus were rocked at 37°C for 1 h after which
the inoculum was removed and media plus serum was added
back to the cells. At t  1 hour, RNA from two mock
dishes, two dishes infected with wt RPV, and two dishes
infected with RPVSPI-1 were harvested. Also, RNA was
harvested from two dishes infected with wt RPV and two
dishes infected with RPVSPI-1 at t  2.5, 5, 8, and 12 h
postinfection. Media were removed from the dish and the
cells were washed with PBS (pH 6.8). PBS was removed
and buffer RLT plus BME was added directly to the cells.
Cells were scraped into this buffer and subsequently ho-
mogenized using the QIAshredder kit (Qiagen, Valencin,
CA). Total RNA was then harvested using the RNeasy RNA
isolation kit (Qiagen). Integrity of total RNA was validated
by gel analysis as well as OD260/OD280 ratios.
Double-stranded (ds) cDNA synthesis/cRNA synthesis
ds cDNA synthesis was carried out using the SuperScript
cDNA synthesis kit (GIBCO-BRL) using 5 g of total RNA
and following Affymetrix protocols. First-strand synthesis
was initiated using SuperScript II Reverse Transcriptase and
the T7-(dT)24 primer (GENSET), which contains the T7
promoter sequence followed by an oligo(dT) tract. Second-
strand synthesis was carried out using the replacement
method with Escherichia coli DNA polymerase I, E. coli
DNA ligase, and RNase H. ds cDNA was then phenol-
chloroform extracted using phase-lock gels (Fisher Scien-
tific, Pittsburgh, PA) and precipitated. Ten microliters of
purified ds cDNA was used to generate biotin-labeled
cRNA using the ENZO BioArray High Yield RNA Tran-
script Labeling Kit. Briefly, T7 RNA polymerase tran-
scribes cRNA using biotin-labeled ribonucleotides. Biotin-
labeled cRNA was then purified from unincorporated
ribonucleotides using the RNA cleanup protocol and the
RNeasy kit (Qiagen). Quantity and quality of cRNA was
ascertained by OD260/OD280 and precipitated to concen-
trate.
Probe and array preparation/staining of array
Before use, biotin-labeled cRNA was fragmented for 35
min at 94°C. The following reagents were mixed to give the
following final concentrations: fragmented cRNA (0.05 g/
l), control oligonucleotide B2 (50 pM, Affymetrix), 20
eukaryotic hybridization controls (BioB at 1.5 pM, BioC at
5 pM, BioDn at 25 pM, and CreX at 100 pM, Affymetrix),
herring sperm DNA (0.1 mg/ml, Promega), acetylated BSA
(50 mg/ml, GIBCO-BRL), and 2 hybridization buffer
[final 1 concentration is 100 mM MES, Sigma, (St. Louis,
MO), 1 M[Na], Sigma, 20 mM EDTA, Sigma, and 0.01%
Tween 20, Pierce). Probe was heated to 99°C for 5 min,
then transferred to 45°C for 5 min, and finally spun at
maximum in a microcentrifuge for 5 min. Arrays used for
this study were the Human Genome U95AV2 chips (Af-
fymetrix). Array was injected with 200 l of 1 hybridiza-
tion buffer and rotated in 45°C oven for 10 min. Buffer was
removed and replaced with 200 l of probe and rotated in
45°C oven for 16 h. Probe was removed from the array and
array was washed and stained using the EukGE-WS2 flu-
idics protocol using the streptavidin–phycoerythrin (SAPE)
reagent (Affymetrix).
Data analysis
Summary of chip quality control parameters and chip to
chip normalization methods
Scanned images (*.dat files) were analyzed with Af-
fymetrix Microarray Suite Version 5. Raw Qs ranged from
1.67 to 5.22. Average Background ranged from 62.51 to
137.92. Chips were originally normalized using global nor-
malization (uses all probe sets) with an average target probe
set intensity of 500. Later, chip-to-chip normalization was




provided by the 20 eukaryotic hybridization controls (Af-
fymetrix) with a target intensity of 500. Scaling factors
ranged from 0.354062 to 1.747368.
Expression filter
Probe sets that were absent as identified by Affymetrix
Microarray Suite Version 5 software using default settings
were flagged as absent and removed from the datasets so as
to eliminate noise before subsequent analyses.
Variance normalization
Hybridization signal intensities on a probe set-wise basis
across the dataset were normalized to a mean of 0 and a
standard deviation of 1.
Statistical analysis of microarray
The algorithm known as SAMv1.13 was used to identify
significant probe sets (Tusher et al., 2001).
Cluster analyses
Hierarchical clustering and k-means clustering were car-
ried out as previously described using the computer pro-
grams Cluster and TreeView (Eisen et al., 1998).
Northern blot analysis
RNA was electrophoresed on a 1.2 % agarose (BioWhit-
taker Molecular Applications, Rockland, ME), 2.2 M form-
aldehyde (Sigma) 1 MOPS (10 MOPS  200 mM
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MOPS (Sigma), 50 mM sodium acetate (Fisher Scientific),
10 mM EDTA (Sigma) pH 7 gel. RNA samples were pre-
pared as follows: 3 g of RNA were added to 5 l RNA
sample loading buffer (Sigma) and water to a total volume
of 15 l. Molecular weight standards were high and low
molecular weight RNA markers (Invitrogen Life Technol-
ogies, Grand Island, NY). RNA was heated at 65°C for 10
min, spun, and then loaded onto the gel. The gel was
electrophoresed at 100 V until the desired level of separa-
tion was achieved.
Following gel electrophoresis, the gel was incubated as
follows: once for 20 min in water, once for 20 min in 0.01
N NaOH, and twice for 20 min each in 10 SSC (20 SSC
 3M NaCl, 0.3 M sodium citrate, pH 7). The membrane
used in transfer was Hybond N (Amersham Pharmacia
Biotech, Piscataway, NJ) and was dipped once in water,
followed by a 5-min incubation in 10 SSC. Transfer of
RNA was achieved by the use of a downward transfer
technique which was allowed to proceed overnight (Chom-
czynski and Mackey, 1994).
After transfer, the membrane was cross-linked and incu-
bated with 10 ml QuikHyb (Stratagene, La Jolla, CA) for 30
min at 68°C in roller bottles with rotation. The hybridization
protocol varied depending on the nature of the probe used
for transcript detection. To detect the human H4 transcript,
a 550-bp EcoRI fragment from pCRII- Topo-H4 was iso-
lated (kind gift of Dr. William Marzluff, University of
North Carolina, Chapel Hill, NC). Twenty five nanograms
of isolated fragment was mixed with TE pH 8.0 to a total
volume of 45 l. DNA was heated for 5 min at 95°C
followed by a 5-min incubation on ice. DNA was radioac-
tively labeled via the random prime method using the Re-
diprime II Random Prime Labeling System (Amersham
Pharmacia Biotech). Briefly, 5 l of [32P-]dCTP (10 mCi/
ml) was added to the DNA and reaction mix and incubated
for 15 min at 37°C. To stop the reaction 5 l of 0.2 M
EDTA was added to the reaction mix. To remove unincor-
porated nucleotides, AGTC filtration cartridges were used
(Edge Biosystems, Gaithersburg, MD). The total activity of
probe was determined by scintillation. The hybridization
mixture included 100 l of 10 mg/ml sheared salmon sperm
DNA (Ambion, Austin, TX) and 2  107 cpm of the H4
probe. This mixture was heated for 5 min at 95°C followed
by a 5-min incubation on ice. The hybridization mixture was
added to the QuikHyb, and hybridization of the probe was
allowed to proceed for 2 h. After hybridization was com-
plete, the membrane was washed as follows: one quick wash
in 2 SSC at room temperature, one wash for 20 min each
in 2 SSC, 0.1% SDS at room temperature, and two washes
for 20 min each in 0.2 SSC, 0.1% SDS at 65°C. Tran-
scripts were detected by autoradiography.
The -actin mouse DECAprobe template and GAPDH
mouse DECAprobe template (Ambion) were used to detect
the human -actin and GAPDH transcripts. DNA fragments
were radioactively labeled via the random prime labeling
method as described for the H4 probe. 1  107 cpm of each
probe was used in a double hybridization. All other aspects
of the protocol were identical to those used for the H4
northern.
To detect the HSP70B transcript, an oligonucleotide
probe was used (FS449: 5 GCTTTGGAGGGAAAGT-
TCATCTCTGAA 3). This DNA molecule was radiola-
beled via the end-labeling reaction and included the follow-
ing components: 10 pmol of oligo, 1 l T4 polynucleotide
kinase (New England Biolabs, Beverly, MA), 5 l 10
supplied buffer (New England Biolabs), 15 l[32P-]dATP
(10 mCi/ml), and water to 50 l. The end labeling reaction
mixture was incubated for 30 min at 37°C. To remove
excess nucleotides, the Nucleotide Removal Kit was used
(Qiagen). The specific activity of the oligonucleotide probe
was determined to be 8  108 cpm/g. The membrane was
prehybridized for 30 min at 50°C using 10 ml of QuikHyb
(Stratagene). The hybridization mixture contained 100 l of
10 mg/ml sheared salmon sperm DNA (Ambion) and 2 
107 cpm of the HSP70B probe. This mixture was added
directly to the QuikHyb, and hybridization was allowed to
proceed for 1 h at 50°C. All washes were carried out with
2 SSC, 0.1 % SDS as follows: two washes for 5 min at
room temperature in the roller bottle, one wash for 20 min
at room temperature in a tray, and one wash for 10 min at
55°C. Detection of transcripts was achieved by autoradiog-
raphy.
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